We recently reported that germline mutations in BAP1 cause a familial tumor syndrome characterized by high penetrance for melanocytic tumors with distinct clinical and histologic features. Melanocytic neoplasms in affected individuals harbored BRAF mutations, showed loss of BAP1 expression, and histologically resembled so-called "atypical Spitz tumors" (ASTs). ASTs are an ill-defined and probably heterogenous group of melanocytic tumors that display histologic features seen in both Spitz nevi and melanomas. Their biological behavior cannot be reliably predicted. In view of the histologic similarities of the familial tumors and ASTs, we hypothesized that a subset of ASTs might harbor genetic alterations seen in the familial tumors. To address this hypothesis, we analyzed 32 sporadic ASTs for BRAF mutations and for BAP1 expression. Nine (28%) sporadic ASTs showed loss of BAP1 expression, of which 8 (89%) had concomitant BRAF mutations. Only 1 of the BAP1-positive ASTs (4%) had a BRAF mutation (P < 0.0001). BRAF-mutated, BAP1-negative tumors were primarily located in the dermis and were composed entirely or predominantly of epithelioid melanocytes with abundant amphophilic cytoplasm and well-defined cytoplasmic borders. Nuclei were commonly vesicular and exhibited substantial pleomorphism and conspicuous nucleoli. The combination of BRAF mutation and loss of nuclear BAP1 expression thus characterizes a subset of ASTs with distinct histologic features. The typical morphology of these tumors and BAP1 immunohistochemistry provide pathologic clues that will enable accurate identification of this subset. Future studies are necessary to determine whether this subset has a predictable clinical behavior.
S ince the recognition of Spitz nevi, pathologists have increasingly identified a group of melanocytic tumors that exhibit histologic features overlapping those of Spitz nevi and melanomas. These tumors are often referred to as 'atypical Spitz tumors' (ASTs) and are likely to represent a heterogenous group of tumors that share some morphologic similarities. ASTs may cause diagnostic problems because their unequivocal histologic separation into Spitz nevi and spitzoid melanoma is not always possible, as demonstrated by a significant lack of interobserver agreement, even among experts. 1, 2, 5 Recently, we described an autosomal dominant tumor syndrome caused by inactivating germline mutations of the BAP1 gene. 16 Affected individuals had multiple cutaneous spitzoid melanocytic neoplasms and were predisposed to increased risk of developing cutaneous and uveal melanoma. 16 The characteristic cutaneous melanocytic tumors were skin-colored papules or nodules. Histologically, they were composed of dermal aggregates of epithelioid melanocytes with abundant amphophilic cytoplasm, pleomorphic vesicular nuclei, and conspicuous nucleoli. The majority of tumors lost the remaining wild-type BAP1 allele by various somatic alterations and lacked immunohistochemical expression of BAP1 ( Fig. 1 ). 16 Although many of the cytologic features of the tumor cells were reminiscent of epithelioid cells of Spitz nevi, other features characteristically present in Spitz nevi (eg, clefting around junctional melanocytic nests, spindleshaped melanocytes, epidermal hyperplasia, hypergranulosis, and Kamino bodies) 6 were consistently absent. Furthermore, the vast majority of familial BAP1-negative neoplasms showed BRAF V600E mutations, 16 which are typically absent in Spitz nevi. 9 The characteristic morphology and distinct genetic aberrations in the familial melanocytic tumors suggested that these neoplasms constitute a distinct category of melanocytic tumors. In this study, we analyzed a series of ASTs with no known family history to determine whether histologic features, BAP1 expression, and mutation status of BRAF or HRAS are helpful in subclassifying this challenging category of melanocytic neoplasms.
METHODS

Specimens
The study was approved by the Ethics Committees of the Medical University of Graz (Graz, Austria), and by the Memorial Sloan-Kettering Cancer Center (New York) and was conducted according to the Declaration of Helsinki. Specimens were fixed in 4% buffered formalin, routinely processed, and embedded in paraffin. Sections of 4 mm thickness were stained routinely with hematoxylin and eosin for histologic evaluation.
Two sets of cases were collected. The evaluation set for BAP1 immunohistochemistry (IHC) consisted of 46 positive controls (29 common acquired nevi and 17 classical Spitz nevi showing no BAP1 mutations) and 42 negative controls (epithelioid melanocytic tumors from 2 families with BAP1 germline mutations; 29 tumors from family 1 and 13 tumors from family 2, as described in Wiesner et al 16 ). The independent test set of 32 sporadic ASTs with epithelioid cytomorphology was collected from the diagnostic files and consultation cases of the authors. The sequencing and clinical data of the evaluation set and of 2 of the ASTs (cases 6 and 7 in Table 1 ) have been published previously. 16 Available clinical and pathologic characteristics of the tumors are summarized in Table 1 . 
BAP1 IHC
In the evaluation set, we assessed expression of BAP1 by IHC to determine its specificity and sensitivity. IHC was performed with an automated IHC system (Ventana BenchMark XT, Ventana Medical Systems Inc., Tucson, AZ) using an alkaline phosphatase method and a red chromogen, according to the manufacturer's instructions. Briefly, following deparaffinization of paraffin tissue sections and heat-induced antigen retrieval, the sections were incubated with BAP1 antibody (clone C-4, 1:50 dilution, Santa Cruz Biotechnology Inc., Santa Cruz, CA) for 1 hour. A subsequent amplification step was followed by incubation with hematoxylin II counterstain for 4 minutes and then with blueing reagent for 4 minutes. Nuclei of keratinocytes of the epidermis and appendages, fibroblasts, and lymphocytes served as internal controls for BAP1 expression. Tumors were scored as positive or negative depending on whether their nuclei stained with BAP1.
DNA Extraction and Sanger Sequencing
Tumor and nontumor areas were separately microdissected from sections of archival paraffin-embedded tissue using a dissection microscope. DNA was extracted and purified with a QIAamp DNA FFPE Tissue Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions.
Mutations in BAP1 (all exons), BRAF (exon 15), and HRAS (exons 1 and 2) were determined by direct sequencing using previously described primers. 3, 16 The polymerase chain reaction (PCR) conditions were 0.25 mM dNTPs, 0.4 BSA (New England Biolabs), 1 U Hotstar Taq (Qiagen), 1Â Hotstar Taq buffer (Qiagen), and 0.4 mM primer. PCR consisted of 35 cycles at 951C (45 s), 571C (45 s), and 721C (45 s) after initial denaturation at 951C for 5 minutes. PCR reaction products were purified with the QIAquick PCR Purification kit (Qiagen) and then used as templates for sequencing in both directions using Big Dye v3.1 (Applied Biosystems). Dye terminators were removed using the CleanSEQ kit (Agencourt Biosciences), and subsequent products were run on the ABI PRISM 3730xl (Applied Biosystems). Mutations were identified using Sequencher 5.0 software (Gene Codes Corporation, Ann Arbor, MI) and only considered when variants were called in reads in both directions. Normal DNA was sequenced from the adjacent nontumor tissue to determine whether the mutations were somatically acquired or were germline.
Array-based Comparative Genomic Hybridization (CGH)
BAP1-negative cases in which sufficient DNA was available were analyzed using array-based CGH. DNA was labeled using the Bioprime Array CGH Genomic Labeling Kit according to the manufacturer's instructions (Invitrogen, Carlsbad, CA) as described previously. 15 Briefly, 500 ng test and reference DNA samples (Promega, Madison, WI) were differentially labeled with dCTP-Cy5 and dCTP-Cy3, respectively (GE Healthcare, Piscataway, NJ). Genome-wide analysis of DNA copy number changes was conducted using an oligonucleotide array containing 60,000 probes according to the manufacturer's protocol version 6.0 (Agilent, Santa Clara, CA). Slides were scanned using Agilent's microarray scanner G2505B and analyzed using Agilent Feature Extraction and DNA Workbench software 6.5.018.
RESULTS
Accuracy of IHC to Determine BAP1 Status
As negative controls (cases with functional loss of BAP1) we used the 42 epithelioid melanocytic tumors from BAP1 germline mutation carriers. Of these, 33 (79%) tumors showed biallelic loss of BAP1 (inactivating germline mutation combined with either somatic deletion, loss of heterozygosity, or mutation of the remaining wildtype allele). 16 All 33 cases (100%) with biallelic loss of BAP1 were IHC negative. The remaining 9 (21%) of these 42 cases had a very similar histologic appearance but no detectable somatically acquired alteration of BAP1 (no somatic deletion, loss of heterozygosity, or mutation). All of these 9 cases also showed loss of BAP1 IHC expression, indicating that the wild-type BAP1 allele had been silenced in a way not detected by our analysis. Internal controls consisting of the nuclei of nontumor cells (keratinocytes and lymphocytes) confirmed that the IHC procedure was working (Fig. 1E ). Our positive control set consisted of 29 commonly acquired melanocytic nevi and 17 conventional Spitz nevi, in which we did not find any BAP1 mutations in our previous study. 16 All of these cases showed strong nuclear BAP1 staining. These results indicate that BAP1 IHC may be a convenient method for assessing the functional status of BAP1.
Loss of BAP1 Expression by IHC Identifies a Morphologically Distinct Subset of Tumors
The 32 ASTs selected for this study showed histologic features overlapping those of Spitz nevus and melanoma. Concern for malignancy was raised by the presence of varying combinations of atypical features such as architectural asymmetry, increased cellularity, nuclear pleomorphism, nucleolar prominence, and detectable mitotic figures (Table 1) .
BAP1 IHC was negative in 9 (28%) cases. The BAP1-negative tumors were predominantly or exclusively intradermal ( Figs. 2A, 3A , 4A, 5A, 6A), whereas 11 of 23 (48%) BAP1-positive tumors had a significant junctional component. Additional features shared by BAP1-negative tumors were the predominance of plump epithelioid cells with moderate to large amounts of amphophilic cytoplasm and very well-demarcated cytoplasmic borders (Figs. 2B, 3B, 4B, 5C, 6B) . Their nuclei were round or oval in shape and exhibited moderate pleomorphism with vesicular chromatin and often conspicuous nucleoli. There were also scattered giant cells, some of which were multinucleated (Figs. 2C, 3C, 5C ). In 3 of the 9 BAP1negative cases (33%), significant numbers of tumor-infiltrating lymphocytes (TILs) were identified, resulting in a histologic appearance resembling that seen in so-called "halo Spitz nevus" (Figs. 2, 3) . Occasionally, aggregates of tumor cells were separated by delicate bands of collagen, but prominent fibrosis or sclerosis was not a feature.
Several statistically significant differences between BAP1-negative and BAP1-positive tumors were observed. BAP1-negative neoplasms were located more frequently on the trunk and less often on the limbs, and were less mitotically active. They more often demonstrated sheet-like growth, contained amphophilic cytoplasm with well-defined cytoplasmic borders and marked TILs, and were less often composed of spindle-shaped or oval cells. Nuclear chromatin was more commonly vesicular, and binucleation and multinucleation were more frequently seen. Although these differences were statistically significant, many of the cytologic features seen in the BAP1negative tumors were also identified to varying degrees in some BAP1-positive tumors ( Table 2 ).
Mutations and Deletions of BAP1
BAP1 was sequenced in all 9 BAP1-negative cases, and somatically acquired mutations were found in 5 cases (56%, Table 3 ); 2 were frameshift mutations (Figs. 2F, 4E), 2 were nonsense mutations (Fig. 6C) , and 1 was a missense mutation (Fig. 5F ). The 2 frameshift mutations and 2 nonsense mutations resulted in premature termination of the protein. No mutations were found in the remaining 4 BAP1-negative cases and in 20 of 23 BAP1-positive cases. In the remaining 3 BAP1-positive cases (case # 12, 14, and 15 in Table 1 ), BAP1 could not be fully sequenced. Array CGH was performed in 4 of the cases with negative BAP1 IHC. In 1 case that had a BAP1 frameshift mutation there was focal loss of the BAP1 locus at 3p21 (Fig. 4C ). Another case that bore a BAP1 missense mutation (Fig. 5F ) was characterized by loss of the entire chromosome 3 (Fig. 5D ). The remaining 2 cases showed no copy number changes of BAP1 or elsewhere in the genome (Fig. 6D ).
Mutations of BRAF and HRAS
BRAF and HRAS were sequenced in 31 ASTs. Nine (29%) tumors carried a BRAF V600E mutation whereas no HRAS mutations were found (Figs. 2E, 4D, 6C, Table 1 ). There was a significant association between BRAF mutation status and loss of BAP1 by IHC. Eight of the 9 (89%) BRAF V600E -mutant tumors showed loss of BAP1 expression by IHC ( suggesting that BRAF mutation and BAP1 loss characterizes a distinct subset of ASTs. Only 1 of the 9 BRAFmutated cases showed strong expression of BAP1 (Fig. 7) . In this case, the tumor was cellular and was composed of sheets of spindle-shaped, oval, and epithelioid melanocytes with vesicular nuclei and amphophilic cytoplasm but lacking well-defined cytoplasmic borders.
DISCUSSION
Traditional classification systems for melanocytic neoplasms rely on clinical and histologic characteristics to describe subtypes of nevi (eg, acquired nevi, congenital nevi, Spitz nevi, blue nevi) and melanomas (eg, superficial spreading melanomas, nodular melanomas, acral lentiginous melanomas, lentigo maligna melanomas). More recently, acquired mutations in oncogenes that lead to constitutive activation of critical signaling pathways have provided additional information useful for classification. These include BRAF mutations that are frequent in common acquired nevi 10 and in melanomas from skin without chronic sun-induced damage 8 ; KIT mutations in acral and mucosal melanoma and melanomas on skin with chronic sun-induced damage 7 ; HRAS mutations in a subset of Spitz nevi 3 ; and GNAQ and GNA11 mutations in blue nevi and uveal melanoma. 12, 13 Integration of underlying genetic aberrations and clinicopathologic fea-tures can lead to refined ways to classify melanocytic neoplasms and improve clinical relevance by incorporating information that can guide selection of targeted therapeutic agents. 14 Here, we shed further light on the heterogenous group of ASTs by demonstrating that they appear to be composed of biologically distinct entities. In the present study, we have identified a histologically distinct subset of ASTs characterized by BRAF V600E mutations and loss of BAP1 expression. In all cases, BAP1 loss was somatically acquired without evidence of a preexisting germline mutation. These results demonstrate that melanocytic neoplasms with BAP1 alterations can occur outside of the previously described tumor predisposition syndrome caused by germline BAP1 mutations. We have also shown that BAP1 status can be reliably identified by IHC, which will make BAP1 IHC a useful tool for subtyping melanocytic neoplasms. Our observation that a greater number of tumors exhibited loss of BAP1 protein expression by IHC compared with BAP1 deletions or mutations indicates that BAP1 may become functionally inactivated by mechanisms other than deletions or mutations in the coding region; for example, epigenetic changes leading to silencing of the BAP1 gene or other, yet to be identified, alterations that prevent BAP1 expression. Detailed in vitro and in vivo studies are needed to investigate the correlation between nuclear BAP1 protein expression (assessed by IHC) and BAP1 functional activity. The sporadic BRAF V600E /BAP1 neg tumors exhibited a typical epithelioid histomorphology that was previously seen in the BAP1-negative melanocytic skin tumors in patients with BAP1 germline mutations. 16 The cytologic appearances of BRAF V600E /BAP1 neg tumors (plump epithelioid cells with amphophilic cytoplasm and very well-demarcated cytoplasmic borders, moderately pleomorphic round/oval nuclei with vesicular chromatin and variably conspicuous nucleoli, and multinucleate/giant cells) were distinctive but were not absolutely specific, as some features were also identified to varying degrees in some BAP1-positive tumors. Similarly, architectural features and stromal alterations absolutely specific to BAP1negative tumors were not identified. TILs were prominent in many BAP1-negative tumors, but this was also not a specific diagnostic feature.
We previously reported that another subset of ASTs is characterized by HRAS mutations, copy number increases of chromosome 11p, and distinct microscopic features. 3, 11 These tumors had similar cytologic features to those described here and were also predominantly intradermal. In contrast to the BRAF V600E /BAP1 neg tumors, the HRAS mutant neoplasms were associated with marked desmoplasia and did not show densely cellular aggregates. These results indicate that BRAF V600E mutations and loss of BAP1 defines an additional genetic/ morphologic subset of epithelioid ASTs (8/32, 25%). Thus, to date, spitzoid tumors are composed of 3 distinguishable categories, HRAS mutant, BRAF V600E /BAP1 mutant, and a (probably still heterogenous) category of tumors with as yet unknown genetic characteristics.
Unfortunately, we did not have follow-up information on the tumors analyzed in our study; hence, we cannot address the important question of whether BAP1 or BRAF status provides any prognostic information about the tumors. In our experience, patients with ASTs almost invariably have an uneventful follow-up. 4 Only a small minority develop widespread metastasis, raising the possibility that they were melanoma from the outset. Future studies are necessary to determine which, if any, genetic or morphologic criteria identified in this study can help in the risk assessment of these tumors.
In conclusion, we have described a distinct subset of ASTs characterized by loss of BAP1 expression, BRAF V600E mutations, and some distinct histologic features. Our findings establish a platform for future studies to investigate the prognostic significance of genetically defined subsets of ASTs.
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A B C FIGURE 7 . AST from the arm of a 37-year-old patient (case 10). A, Dome-shaped melanocytic tumor (B) composed of sheets of medium-sized, spindle-shaped, oval, and epithelioid melanocytes with amphophilic cytoplasm but lacking distinct cytoplasmic borders. C, Strong expression of BAP1 in keratinocytes and melanocytes. This tumor showed a BRAF V600E mutation (data not shown).
